Abstract In this study we investigated the development of anaerobic biofilms in differential reactors and suspension cultures in batch reactors under thermophilic (55°C) conditions. FISH, SEM, chemical and chromatographic analysis were used. The differential reactors reached 99.6%, 92.3% and 6.7% of acetic acid, COD and sulfate removal efficiencies, respectively, after 166 h of incubation time. The batch reactor reached 95.6% and 31.8% of acetic acid and sulfate removal efficiencies after 675 h, respectively. FISH results showed that bacterial cells rather than archaeal cells dominated biofilms. These cells, detected with the Bacteria specific probe (EUB338), accounted for 61.1% (±3.6) of the DAPI-stained cells and resembled acetate-oxidizing rods and Desulfotomaculum morphologies. Archaeal cells, which hybridized to the Archaea specific probe (ARC915), were also detected in biofilm but they accounted for 36.7% (±2.9) of the DAPI-stained cells. These cells were similar to Methanosaeta-like and hydrogenotrophic methanogen rods. In the suspension culture, archaeal cells (58.0% ± 3.8) morphologically similar to Methanosarcina and hydrogenotrophic methanogen rods were predominant over bacterial cells (41.0% ± 4.5), which resembled acetate-oxidizing rods and Desulfotomaculum morphologies. The percentage of sulfate-reducing bacteria cells (SRB) ranged from 12.2% (±2.5) to 21.7% (±2.8) in the biofilms and from 13.3% (±3.6) to 21.7% (±4.3) of the DAPI stained cells in suspension culture.
Introduction
Dissimilatory sulfate reduction and methanogenesis are the main terminal processes in the anaerobic food chain. Both the sulfate-reducing bacteria (SRB) and the methane-producing Archaea (MPA) use acetate and hydrogen as substrate and, therefore, compete for common electron donors in sulfate-containing natural environments and wastewater plant treatments with effluents such as paper mills or food oil plants (Oude Elferink et al., 1994) . With a good understanding of the interaction between these two organisms, it will be easier to effectively control both SRB and MPA in reactors for anaerobic treatment of wastewaters containing high sulfate concentrations. Studies of these processes have revealed the occurrence of either sulfidogenesis or methanogenesis; however, it is still unclear how acetate is degraded under thermophilic conditions (Hattori et al., 2000) .
The formation, composition and functioning of biofilms and suspension cultures have been investigated by different microbiological techniques in order to characterize both Bacteria and Archaea domains, together with molecular microbial techniques and physiological analysis (Amann et al., 1990) . In this study, fluorescence in situ hybridization (FISH) with domain and group specific probes that target intracellular 16S rRNA and scanning electron microscopy (SEM) were used to quantify and characterize the composition of thermophilic anaerobic biofilms developed in differential reactors and suspension cultures in batch reactors.
Material and methods
Two experiments were carried out, one using differential reactors (biofilm reactors) and the other in batch reactors where cultures were grown in suspension. In both experiments, the inoculum used was an anaerobic granular sludge sampled from an industrial thermophilic (55 ± 2°C) upflow anaerobic sludge blanket reactor (UASB), which had been receiving vinasse. Before inoculation, the granular sludge was crushed with glass beads in a sealed flask under N 2 /CO 2 (70:30) atmosphere. In both experiments we used an anaerobic culture medium (Vazoller, 1997) . The medium was sterilized and reduced by the addition of 10 mL/L of a 5% Na 2 S.9H 2 O solution. Media was enriched with 2.3 g/L (differential reactors) and 1.9 g/L (batch reactors) of sodium acetate. The sulfur source added was 1.1 g/L and 1.0 g/L of sodium sulfate, for biofilm and suspension cultures reactors, respectively. Biofilm formation was studied using four differential reactors in series, which were incubated at 55 ± 1°C for 166 h. Each reactor (15 mL volume) was filled with cubic matrices of polyurethane foam (5 mm-side) and subjected to a superficial liquid velocity of 0.08 cm.s -1 by pumping 1 L of the culture medium from a culture vessel containing 10% (v/v) of inoculum. The culture vessel was stirred continuously and gassed periodically with N 2 /CO 2 (70:30) to maintain anaerobic conditions. The enriched-medium was recycled in a closed circuit and was preheated to 55 ± 1°C before entering the reactor (Figure 1 ). Biofilms developed on polyurethane foams were sampled at time zero (inoculum addition) and after 24, 72, 120 and 168 h of incubation. The suspension cultures were grown in duplicate sealed flasks with 2 L capacity each, and were incubated at 55 ± 1°C under N 2 /CO 2 (70:30) atmosphere and 150 rpm of agitation for 675 h. In this experiment the final volume was kept in 1 L with 10% (v/v) of inoculum. Planktonic cells from batch reactors were sampled at time zero and after 48, 192, 384 , 528 h of incubation time.
Chemical and chromatographic analysis
Chemical and chromatographic analyses were used to evaluate the thermophilic anaerobic degradation of acetate plus sulfate. The chemical oxygen demand (COD) values were monitored according to Standard Methods (1995) . The total sulphide contents were monitored according to Plas et al. (1992) . A special kit -Hach SULFAVER  was used to monitor sulfate concentration. The biogas composition was monitored using a gas chromatograph Gow-Mac (150 series). Gas chromatograph HP 6890 with a HP Innowax column was then used for acetic acid determinations.
In situ hybridization
The oligonucleotide probes used for in situ hybridization were NON338 (negative control; Manz et al., 1992) , EUB338 (Domain Bacteria; Amann et al., 1990) al., 1990), ARC915 (Domain Archaea; Stahl and Amann, 1991) and MB1174 (Methanobacteriaceae; Raskin et al., 1994) . These probes were 5'end labeled with rhodamine. The fixation protocol and hybridization conditions have been described previously (Araujo et al., 2000) . To allow the probes to penetrate the cells in the termophilic samples, seven freeze-and-thaw cycles (-80 to 60°C) were carried out after fixation. Samples were examined with an Olympus BX60-FLA fluorescence microscope using filter sets specific for DAPI and rhodamine. For each probe and sample, between 400 and 500 DAPI-stained cells and respective hybridized cells in 20 to 25 independent microscopic fields were counted.
Scanning electron microscopy
The SEM analysis of biofilm samples developed on the polyurethane foam were fixed with 2.5% glutaraldehyde in 0.1M phosphate buffer (pH 7.3) for 12 h at 4°C, dried with HMDS (Hexamethyldisilasane, SIGMA) and examined with a ZEISS DSM-960 scanning electron microscope at 20KV accelerating voltage as described previously (Varesche et al., 1997) .
Results and discussion
The concentrations of organic substrates and sulfur compounds in the anaerobic differential and batch reactors, during the experimental time, are presented in Figure 2 . The differential reactor experiments reached 99.6% and 92.3% of acetic acid and COD removal efficiencies, respectively, after 166 h of incubation. Sulfate reduction was about 6.7% (Figure 2a ), indicating low sulfidogenesis, which might have favored acetate-oxidizing bacteria and methanogenic Archaea cells. The batch reactor showed 95.6% of acetic acid removal efficiency, around 31.8% of sulfate reduction and a total sulphide formation of 0.042 g/L, after 675 h of incubation time (Figure 2b ). The highest methane production was approximately 45% after 503 h of experimental time in batch reactors. It was observed that there was a balance between methanogenesis, sulfidogenesis and acetate oxidation in this system.
Differential biofilm reactors
SEM and FISH analysis showed that bacterial cells detected with EUB338 probe predominated in the biofilm samples. This group accounted for 61.1% (± 3.6) of the DAPI-stained cells. Archaeal cells detected with ARC915 probe were also present in the biofilms and accounted for 36.7% (± 2.9) of the DAPI-stained cells (Figure 3a) . Among the bacterial cells, some cells morphologically resembled straight rods with rounded ends and were predominant. Sampling after 24 and 72 h of incubation showed rod-shaped bacteria occurring as single cells and in pairs, and after 120 and 168 h, those cells were observed as being long chains. These rod-shaped bacteria did not hybridize with the SRB specific probe (SRB385), and so they were not considered as members of the SRB group, in spite of acknowledging the SRB385 probe specificity, which has been discussed elsewhere (Ramsing et al., 1996) . Hattori et al. (2000) had observed cells closely resembling the rod-shaped bacteria we described and characterized as a new syntrophic acetate-oxidizing rod, Thermacetogenium phaeum, which was isolated from a thermophilic (55°C) anaerobic methanogenic reactor treating kraft-pulp wastewater. According to these authors, the bacterium oxidizes 40mM of acetate in co-culture with a thermophilic hydrogenotrophic methanogen. In pure culture, this strain grew acetogenically on several alcohols, organic acids, methoxylated aromatics and some amino acids. Based on phenotypic and phylogenetic distinctiveness of the isolate, these authors had concluded that the organism represents a novel and distinct taxon. Vazoller (1997) had proposed a co-culture of AOR and methanogenic cells obtained from a thermophilic pilot-plant treating vinasse, and the AOR was able to use hydrogen, lactate, and propionate in the presence of sodium sulfate (10 mM) as well as ethylene glycol and ethanol. The morphology of those cells under phase contrast microscopy and CLSM was similar to Desulfotomaculum sp. The T. phaeum, strain AOR thermophilic (Zinder and Koch, 1984; Vazoller, 1997) and mesophilic Clostridium ultunense (Schnürer et al., 1996) oxidize acetate in the presence of hydrogenotrophic-methanogens. Although C. ultunense is phylogenetically and chemotaxonomically well characterized, the phylogenetic positions of the strain AOR and T. phaeum are not known (Hattori et al., 2000) . Hattori et al. (2000) isolated two morphologically distinct rod-shaped bacteria, where one organism showed a terminal endospore and no autofluorescence, and it was phylogenetically affiliated with a low-GC gram-positive group. A morphology showing F 420 autofluorescence was similar to Methanobacterium cells. In the light of these observations it was suggested that syntrophic acetate oxidation as previously described by Zinder and Koch (1984) and Vazoller (1997) could have occurred in our thermophilic biofilm. SRB cells could also be involved in this process.
In anaerobic reactors, acetate is not the only energy source available for microorganisms. The SRB outcompete with MPA for hydrogen, whenever sulfate is present in sufficient concentrations. The SRB chemolithotrophic growth with H 2 as the electron donor requires acetate and CO 2 as the carbon sources (Oude Elferink et al., 1994) . In our study, hydrogenotrophic methanogens morphologically similar to Methanobacterium and Methanobrevibacter and bacterial cells morphologically resembling Desulfovibrio were observed. However, between the SRB group, cells that were morphologically similar to Desulfotomaculum predominated. Desulfotomaculum sp. is able to oxidize acetate completely under sulfate reduction (Oude Elferink et al., 1994) . In this study, the percentage of total SRB cells ranged from 12.2% (±2.5) to 21.7% (±2.8) of the DAPI-stained cells indicating low sulfidogenesis, which was confirmed by the efficiency of sulfate removal (6.7%). The total SRB percentages were estimated based on the particular morphology of the cells (spindle-like), physiological conditions, e.g. specific growth under thermophilic temperature, and the percentages of cells morphologically similar to Desulfovibrio, which hybridized with the probe SRB385 (specific for the gram-negative, sulfate-reducing bacteria belonging to the delta group of Proteobacteria). This probe, according to Ramsing et al. (1996) does not detect members of the genus Desulfotomaculum, spore formers belonging to the low-GC and gram-positive group. For this reason, we counted cells morphologically similar to Desulfotomaculum based only on their particular morphology. Unfortunately, a specific probe for the genera Desulfotomaculum was not utilized.
Among the methanogenic Archaea cells, those morphologically similar to Methanosaeta also predominated in biofilms developed on the polyurethane foam. This was probably due to the type of support used and to syntrophic interactions that might occur in the biofilms and agreggates developed on and in the foam. Acetate is commonly converted to CH 4 and CO 2 by aceticlastic methanogens, i.e. Methanosarcina sp. and Methanosaeta sp. The last one, appear to be predominant and plays an important role in anaerobic reactors, especially in the horizontal-flow anaerobic immobilized-sludge reactor (HAIS) (Varesche et al., 1997) treating different types of wastewaters, because of their high affinity and low threshold value for acetate compared to Methanosarcina sp (Oude Elferink et al., 1994) . SEM examinations allowed us to infer about biofilm microbial composition formed by different cell morphologies (Figure 4a; 4b) . Therefore, in biofilm reactors the acetate oxidizing metabolism predominated concomitantly with hydrogen removal by the hydrogenotrophic methanogens rods. However, methanogenesis and sulfidogenesis also occurred, as secondary metabolisms.
Batch reactors with cultures grown in suspension
Optic microscopic examinations (Figure 4c ; 4d) and FISH analysis showed that in a batch reactor the thermophilic archaeal cells, which hybridized with ARC915 probe, accounted for 58.0% (±3.8) of the DAPI stained-cells, and predominated over bacterial cells, detected with EUB338 probe, which made up 41.0% (±4.5) of the DAPI-stained cells (Figure 3b ). This result differed from the one observed in biofilm reactors, where bacterial cells proportion was higher than in the archaeal. Among the archaeal cells, those morphologically resembling Methanosarcina predominated among the aceticlastic methanogens. This result is likely to be due to the growth conditions of the cells in the suspension system. Straight and curved rod-shaped cells showing F 420 autofluorescence were also predominant and related to hydrogenotrophic-methanogens. In this experiment, among the bacterial cells, those straight rods with rounded ends predominated, and they were observed as single cells and in pairs. These cells might be acetate-oxidizing bacteria and are not related to the SRB group, because they did not hybridize with the SRB385 probe. Total SRB percentages, in which cells morphologically similar to Desulfotomaculum and Desulfovibrio predominated, ranged from 13.3% (±3.6) to 21.7% (±4.3) of the DAPIstained cells. These values are similar to those observed in biofilm samples. The sulfate removal value (31.8%) together with microbial characterization revealed that in the batch reactor, where cells were grown in suspension, they might have suffered a favorable balance for anaerobic respiration between cells resembling Desulfotomaculum and the aceticlastic methanogens. Thus, in this system cells morphologically similar to Desulfotomaculum had a competitive advantage over the acetate-oxidizing rods. Syntrophic acetate degradation is possible when syntrophic and hydrogen-consuming microorganisms cooperate. There is also evidence that in reactors with granular sludge the syntrophic partners are sufficiently close enough to explain the measured degradation rates by hydrogen transfer. The acetate oxidizer is highly dependent on a low partial pressure of hydrogen if acetate oxidation is to be energy yielding (Dolfing, 1988) .
Conclusions
Microbial community that developed in biofilms favored acetate oxidation. This observation found in the biofilm was confirmed by the high percentage of bacterial cells, detected with probe EUB338. In contrast to these findings, archaeal cells, detected with ARC915 probe, predominated in the suspension culture system, thus favoring methanogenesis. Sulfidogenesis was lower in the differential biofilm reactor (6.7%) than in the batch reactor (31.8%), although in both systems SRB percentages were similar. Bacterial cells, which hybridized with Bacteria specific probe (EUB338), were morphologically similar to straight rods with rounded ends which might be related to acetate-oxidizing bacteria. These cells did not hybridize with a SRB385 probe. Cells morphologically resembling Desulfotomaculum were observed in both systems. Methanogenic Archaea cells morphologically resembling Methanosaeta and Methanosarcina, were predominant in biofilm and in discontinuously fed reactors, respectively. In both systems, hydrogenotrophic methanogens cells morphologically resembling Methanobacterium and Methanobrevibacter were observed. 
